C
olistin (polymyxin E) is a cationic lipopeptide antimicrobial agent with activity against multidrug-resistant (MDR) Gramnegative pathogens (1) . Colistin is administered parenterally as colistin methanesulfonate (CMS), an inactive prodrug (2) that was approved by the U.S. FDA in 1959. Clinical use of CMS/colistin declined in the 1970s due to concern about its propensity to cause nephrotoxicity and neurotoxicity (3, 4) . The emergence of strains of Pseudomonas aeruginosa, Acinetobacter baumannii, and Enterobacteriaceae that are resistant to ␤-lactams (including carbapenems), fluoroquinolones, and aminoglycosides is increasing worldwide at an alarming rate (5) . This situation has led to a resurgence in the use of colistin in many health care centers around the world (1, 6) . Within the last decade, a number of clinical studies have shown favorable outcomes of CMS/colistin treatment (7) (8) (9) (10) . Our recent study showed that patients infected with MDR A. baumannii and P. aeruginosa who received parenteral CMS had more favorable clinical response (80.8% versus 26.7%) and lower overall mortality (46.2% versus 80.0%) than those who were not treated with CMS/colistin (11) .
Infections due to MDR Gram-negative bacteria are very common in critically ill patients with compromised renal function. Although colistin is predominantly cleared by nonrenal pathways, its prodrug (CMS) is mainly renally eliminated, (1, 4) , and therefore, CMS dosing regimens need to be adjusted in patients with compromised renal function (12) . The pharmacokinetics (PK) of CMS and formed colistin in critically ill patients and suggested dosing regimens of CMS in these patients, including those receiving temporary (acute) renal replacement therapy with intermittent hemodialysis or continuous extracorporeal support, have only recently become available (12) . Patients with end-stage renal disease (ESRD) receiving chronic renal replacement therapy are also at increased risk of developing hospital-acquired infections caused by MDR Gram-negative bacteria, which may require parenteral CMS. Continuous ambulatory peritoneal dialysis (CAPD) is a common renal replacement therapy in ESRD patients. However, there has not been a PK study using specific assay methods for the administered prodrug (CMS) and the colistin formed from it in patients receiving peritoneal dialysis; also, there are no PK data or dosage recommendations for these patients in the product information. Three studies (13) (14) (15) , published in 1967 and 1968, reported information on plasma and dialysate concentrations of "colistin" and corresponding dialysis clearance in a relatively small number of patients who were receiving acute (temporary) peritoneal dialysis according to procedures in use at that time. It is very important to note that a microbiological assay was used to quantify "colistin" in all of these studies (13) (14) (15) , but such bioassay methods cannot differentiate colistin (the active antibacterial) that was present in a sample at the time of its collection from a patient and colistin that formed during the microbiological incubation (1) .
The impact of CAPD on the disposition of CMS and formed colistin, and the possible need for CMS dosage adjustment, in patients receiving this renal support modality have not been reported. Thus, the aims of the present study were to determine the PK, including peritoneal dialysis clearance, of CMS and formed colistin after intravenous administration of CMS and to explore via Monte Carlo simulations optimal CMS dosage regimens in ESRD patients receiving CAPD.
MATERIALS AND METHODS
Patients and study design. The study was approved by the Siriraj Institutional Review Board and conducted at the renal dialysis unit and Siriraj Clinical Research Center, Siriraj Hospital, Bangkok, Thailand. Written informed consent was obtained from each subject. The eligible subjects were adults with ESRD without acute concurrent illness who were receiving long-term CAPD. Subjects were excluded if they had a hematocrit of less than 20% or known allergy to colistin or polymyxin B or had received polymyxin therapy within 2 months before enrollment. Enrollment of eligible subjects occurred from 18 January to 12 February 2010.
CMS administration, pharmacokinetic sampling, and quantification of CMS and colistin. Each subject received a single intravenous infusion of 150 mg of colistin base activity (CBA) (Colistate; Atlantic Pharmaceutical Co., Ltd.) over 30 min. This dose of CBA (150 mg) is equivalent to ϳ5 million IU and to ϳ400 mg of CMS. Serial blood samples (predose and at 0.5, 1, 2, 3, 5, 7, 13, and 25 h post-start of CMS infusion) were collected through an indwelling venous cannula in the arm contralateral to that used for the CMS infusion. CAPD was performed by each subject (2-liter dwell volume, replaced every 6 h). The peritoneal dialysate (PD) was recovered at the end of each 6-h CAPD dwell time over the study period, the volume was measured, and a sample was retained. Six of the subjects were able to produce urine; for these subjects, the total urine voided over 24 h was collected, the volume was recorded, and a sample was retained. The plasma, dialysate, and urine samples were stored at Ϫ70°C in order to prevent in vitro conversion of CMS to colistin (16) . The concentrations of CMS and colistin were quantified by high-performance liquid chromatography (HPLC) within 4 months of collection (16) (17) (18) . Adverse events experienced by the subjects were recorded throughout the study.
Population pharmacokinetic analysis. Population PK modeling of CMS and formed colistin in both plasma and peritoneal dialysate was performed in S-ADAPT (version 1.57) with the Monte Carlo parametric expectation maximization algorithm (MC-PEM) (importance sampling, pmethod ϭ 4) (19) . SADAPT-TRAN was utilized for pre-and postprocessing (20, 21) . Less than 2% of samples were below the quantification limit, and they were taken into account by the Beal M3 method as implemented in S-ADAPT (22) . Models with one, two, or three disposition compartments for CMS and one or two disposition compartments for formed colistin were explored. The distributions of CMS and formed colistin between plasma and peritoneal dialysate, as well as the formation of colistin from CMS in plasma and peritoneal dialysate, were described by first-order processes. The individual measured volumes of dialysate recovered from each subject and dwell period were recorded (median, 2.2 liters) and included in the model. The concentrations of CMS and formed colistin in plasma and peritoneal dialysate from all subjects were fitted simultaneously. The interindividual variability was assumed to be lognormally distributed. Models with full variance-covariance matrices and diagonal variance-covariance matrices were evaluated. The residual unidentified variability was described by a combined additive-and proportional-error model. The possible effect of total body weight on the disposition of CMS and formed colistin was explored. For model evaluation, plots of observed versus individual-fitted and observed versus population-fitted concentrations, visual predictive checks, the normalized prediction distribution error, and the objective function in S-ADAPT were utilized. The recovery of CMS and colistin in dialysate and urine was expressed as the amount of unchanged drug recovered over 24 h divided by the dose.
Monte Carlo simulations. Based upon the population PK model, Monte Carlo simulations with between-subject variability (BSV) were performed for various potential dosage regimens. The simulated regimens were (i) 100 mg CBA as a 30-min infusion every 24 h, (ii) 200 mg CBA as a 30-min infusion loading dose followed 24 h later by 100 mg CBA as a 30-min infusion every 24 h, (iii) 150 mg CBA as a 30-min infusion every 24 h, (iv) 300 mg CBA as a 30-min infusion loading dose followed 24 h later by 150 mg CBA as a 30-min infusion every 24 h, (v) 200 mg CBA as a 30-min infusion every 24 h, and (vi) 300 mg CBA as a 30-min infusion loading dose followed 24 h later by 200 mg CBA as a 30-min infusion every 24 h. For each dosage regimen, 500 virtual subjects were simulated using Berkeley Madonna (version 8.3.18) (23).
RESULTS

Patient characteristics.
A total of 8 subjects (7 male) were included in the study. The median (range) age and body weight were 69 (54 to 77) years and 61 (45.7 to 81.3) kg, respectively. The median (range) Kt/V value (where K is the dialyzer clearance of urea, t is the dialysis time, and V is the volume of distribution of urea) for the CAPD was 2.5 (1.8 to 3.2) per week (24) . Some subjects developed transient adverse events (3 with mild dizziness and 1 with minor skin rash) that resolved within 24 h. One subject had unstable gait at 19 h post-CMS infusion. Physical examination of the subject revealed that he had cerebellar ataxia, and brain imaging showed multiple old lacunar cerebral infarctions at the left caudate, left pons, and right cerebellum. His ataxia disappeared within 45 h after CMS infusion.
Concentrations of CMS and colistin and amounts recovered. The plasma concentration-time profiles of CMS and formed colistin for the individual subjects are presented in Fig. 1 . Visual examination of the profiles for the observed data indicated that the plasma concentrations of CMS in each subject declined in a multiexponential manner. Meanwhile, the concentration of colistin in plasma increased over time to achieve a mean (range) maximum observed concentration (C max ) of 2.4 (1.2 to 3.4) mg/liter at 9.5 (3 to 13) h (Fig. 1) . The observed amounts of CMS and colistin recovered in PD fluid over each 6-h dwell period are presented in Fig. 2 . The mean cumulative recovery of the dose across the four dwell periods was 2.58% (1.32 to 4.37%) as CMS and 2.61% (1.54 to 3.43%) as colistin, with a combined recovery of 5.20% (3.78 to 7.36%). On average, in the six subjects able to produce urine, 6.1% of the dose was recovered in urine, 3.3% as CMS, and 2.8% as colistin.
Population pharmacokinetics. The time course of plasma concentrations of CMS and formed colistin and of the amounts of these two species recovered in PD fluid at the end of each dwell period were well described by the disposition model developed (Fig. 3 ). The final model comprised two equilibrating disposition compartments for CMS and one compartment for colistin and one compartment each for CMS and colistin representative of PD fluid, for which exchange occurred every 6 h, corresponding to the dwell time. As the fraction of the nondialysis clearance of CMS (CL CMS,nonPD ) resulting in formation of colistin (fm) is unknown, the colistin clearance (CL col,nonPD /fm) and volume of distribution (V col /fm) are conditioned on fm and are therefore apparent values. The conversion of CMS to colistin was adequately described by a first-order process in both plasma and dialysate. The inclusion of this conversion process in dialysate was necessary to describe the time courses of CMS and colistin in dialysate and also enabled estimation of the actual PD clearances of both CMS and colistin, rather than their apparent clearances.
The population PK model provided excellent fits to the observed concentration-time profiles and amounts recovered in dialysate for individual subjects. The proportional and additive residual-error components for CMS in plasma (dialysate) were 15% (15%) and 0.010 mg/liter (0.22 mg/liter) and were 8.6% (23%) and 0.19 mg/liter (0.038 mg/liter) for colistin in plasma (dialysate). The visual predictive checks demonstrated a very good predictive performance of the model for both CMS and colistin (Fig. 4) . The population PK parameter estimates and corresponding BSV arising from application of the model are presented in Table 1 . The final model included a diagonal variance-covariance matrix. Scaling of CMS and colistin clearances and volumes of distribution by total body weight had no substantial effect on decreasing the BSV for the various parameters overall.
The plasma concentration-time profiles of formed colistin for the six CMS dosage regimens evaluated by Monte Carlo simulations are presented in Fig. 5 .
DISCUSSION
The previously reported studies on colistin in patients undergoing peritoneal dialysis were performed in the 1960s (13) (14) (15) . At that 
FIG 3 Pharmacokinetic model developed to describe the disposition of CMS
and formed colistin. PK parameter names are defined in the footnotes to Table  1 . IV, intravenous.
time, it was not well recognized that CMS is an inactive prodrug that is converted to colistin both in vivo and in vitro (2, 16, 25, 26) . The microbiological assay used in the aforementioned studies (13) (14) (15) to quantify "colistin" was incapable of separately quantifying CMS and formed colistin. In the present study, concentrations of CMS and colistin in the samples were quantified separately by HPLC assays. To our knowledge, the present study is the first to define the PK of CMS and formed colistin in ESRD patients receiving CAPD and will assist in optimization of dosage regimens in this group of patients. The intravenous dose of 150 mg CBA of CMS was generally well tolerated; the transient mild dizziness in 3 subjects was in keeping with previous observations (6) . One subject had a preexisting cerebrovascular disease and developed transient cerebellar ataxia. The observed plasma colistin C max and the area under the plasma colistin concentration time curve over 25 h (AUC 0 -25 ) (calculated by the linear up/log down trapezoidal rule) in this subject were 2.13 mg/liter and 41.5 mg · h/liter, respectively. This exposure was well within the range of C max (1.21 to 3.36 mg/liter) and AUC 0 -25 (25.5 to 65.6 mg · h/liter) observed in the subjects who did not experience neurological signs or symptoms after administration of CMS. This observation implied that preexisting cerebrovascular disease might be a risk factor for developing colistin-related neurotoxicity.
In subjects with normal kidney function, approximately 70% of an intravenous dose of CMS is recovered in urine over 24 h; a substantial proportion is recovered as colistin that is formed in urine after excretion of CMS in the kidney (27) . Indeed, CMS is predominantly renally cleared, and its clearance is therefore dependent upon renal function (1, 12) . In the present study, in six subjects able to produce urine, we observed low urinary recovery of CMS and colistin over 24 h, approximately 3% (each) of the administered dose was recovered as CMS and colistin. Across all 8 subjects, the cumulative recovery of CMS and colistin in peritoneal dialysate was similarly low (average, ϳ5% of the CMS dose), again with CMS and colistin contributing approximately equally to this recovery. Conversion of CMS to colistin in dialysate during the 6-h dwell time was taken into account in the population PK model. The population estimates of the peritoneal dialysate clearance for CMS (0.088 liter/h) and colistin (0.101 liter/h) were similar, low, and only a small percentage of the respective non-peritoneal-dialysate clearance values (CL CMS,nonPD , 1.77 liters/h, and CL col,nonPD /fm, 2.74 liters/h). Collectively, these urinary and dialysate recovery and clearance data indicate that in subjects with ESRD receiving CAPD, as yet unknown pathways other than renal and dialysis clearance account for the elimination of CMS and formed colistin. Both CMS and formed colistin are cleared efficiently by intermittent hemodialysis or continuous venovenous hemodialysis or hemodiafiltration (12, 28) . In contrast, the low peritoneal dialysis clearance values for CMS and colistin observed in the present study (ϳ0.1 liter/h or ϳ1.5 ml/min) are in keeping with the general inefficiency of peritoneal dialysis in regard to drug elimination (29, 30) .
In the present study, CAPD subjects with ESRD received a single intravenous dose of CMS (150 mg CBA) and achieved an average (Ϯstandard deviation [SD]) concentration of colistin, the active antibacterial, of 0.82 Ϯ 0.28 mg/liter in peritoneal dialysate at the end of the 6-h dwell time. The subjects in this study did not have peritonitis, and caution is required in considering these concentrations in relation to MICs of an organism that may be causing peritonitis. In a single case report involving a patient with severe peritonitis administered 180 mg CBA per day, Mimoz et al. observed steady-state colistin concentrations in peritoneal fluid in the range of 2.5 to 3 mg/liter (31) . The notable differences between the present and the previous reports (31) are the single-dose versus multiple-dose nature of the studies, the presence of peritonitis in the single case report and the possible effect of associated inflammation of the peritoneal membrane on drug permeation, and the ongoing presence in the peritoneal cavity of 2 liters of dialysis fluid in the subjects in the present report.
The major objective of the present study was to elucidate the systemic PK of CMS and formed colistin in ESRD patients receiving CAPD and to provide guidance on dosage selection for treatment of infections other than peritonitis. After taking into account the lack of, or minimal residual, renal function in the CAPD patients in the current study, the disposition of CMS and colistin in these patients was similar to that reported by Garonzik et al. in a large study in 105 critically ill non-CAPD patients with very diverse renal function (12) . The CL CMS,nonPD in CAPD patients was 1.77 liters/h (Table 1 ) compared to 1.9 liters/h for the nonrenal CMS clearance reported by Garonzik et al. (12) . The CMS terminal half-life of 8.4 h in CAPD patients is within the range of half-lives previously reported for non-CAPD critically ill patients (12) . At 2.74 liters/h, the CL col,nonPD /fm value (Table 1) was slightly higher than the apparent nonrenal colistin clearance of 2.19 liters/h in critically ill patients not receiving CAPD (12) , while the colistin terminal half-life of 13.2 h (Table 1) was very similar to the median value (13 h) reported by Garonzik et al. in patients with creatinine clearance of less than 10 ml/min. These comparisons highlight the consistency between the studies, as renal clearance was very small or nonexistent in the CAPD patients in the present study. Due to the time required for conversion of CMS to colistin and the slow decline of colistin concentrations during the observation period, there might be some uncertainty attached to the estimate of the terminal half-life of formed colistin. Importantly, as noted above, the peritoneal-dialysis clearances of both CMS and colistin were very small relative to the respective non-PD clearance values. Thus, CAPD has a negligible effect on the overall clearance of CMS and colistin in subjects with ESRD.
The population PK model developed in the current study provides the first information on which to base proposed colistin dosage regimens in CAPD patients. The population PK model was employed in Monte Carlo simulations to predict the distribution of plasma concentration-time profiles of formed colistin (the active antibacterial) for six potential dosage regimens, which are presented in Fig. 5 . The range of plasma colistin concentrations predicted for all dosage regimens is similar to those observed in critically ill patients (12) . Due to the small sample size of 8 patients in the current study, predictions for the lower and upper ends of the distribution (i.e., 10th and 90th percentiles) should be interpreted with caution. We also recognize that the simulations are based upon single-dose data; however, there is no indication that CMS or colistin exhibits nonlinear PK (12, 32, 33) . The average steady-state concentration (C ss,avg ) of formed colistin achieved by each of these regimens was compared to a "target" plasma colistin C ss,avg of 2.5 mg/liter (12) . A CMS maintenance dosage regimen of 150 mg or 200 mg CBA administered every 24 h was predicted to achieve a colistin C ss,avg of 2.5 mg/liter in the majority of a CAPD patient population with characteristics similar to those of the subjects in our study. However, even with the 200-mg/day regimen, less than half of the patients would reach a colistin C ss,avg of 2.5 mg/liter on day 1 and 75% on day 2, due to the slow accumulation of colistin after its formation from CMS, necessitating consideration of initiating therapy with a loading dose of CMS (12, 32, 33) . With a CMS loading dose of 300 mg CBA (which is at the upper limit of the current product-recommended daily dose range) on day 1, the majority of patients receiving a maintenance regimen of either 150 mg or 200 mg CBA per day are predicted to reach a colistin C ss,avg of 2.5 mg/liter on day 1. Therefore, population PK modeling and simulations based upon the observed data from CAPD patients suggest a loading dose of 300 mg CBA on day 1 and a maintenance dose of either 150 mg or 200 mg CBA per day.
In conclusion, our study demonstrated that clearances by CAPD were low for both CMS and formed colistin. Therefore, CMS doses should not be increased during CAPD. Modeling and simulation analyses enabled us to propose the first evidence-based 
